Introduction
In many technological and biological applications, materials that spontaneously form ordered bulk phases may be confined in a small space, leading to the formation of complex morphologies not observed in the bulk. One such example is a block copolymer confined in a cylindrical pore with diameter of a few (typically < 10) times the fundamental period of the bulk morphology. Diblock copolymers (DBCPs), the simplest case of block copolymers, are linear polymers composed of two different sub-chains (A and B blocks). Their phase behavior in bulk is controlled by the competition between the A-B repulsion and chain connectivity. The bulk phase diagram of DBCPs has been well studied in both theories and experiments. [1] [2] A number of ordered equilibrium phases, including lamellae, hexagonally packed cylinders, body-centered-cubic spheres, cubic double gyroid (DG) phase (a bicontinuous networked structure) [3] and perforated lamella (PL) structure [4] [5] can be formed. Very recently, an orthorhombic Fddd (O  70 ) networked structure was predicted to be stable in DBCP melts in a very narrow weak segregation region. [6] Various novel and sometimes complex structures have been observed or predicted for block copolymers confined in cylindrical pores. Experimentally, Russell and coworkers carried out a series of studies on symmetric (bulk lamella-forming) [7] [8] [9] [10] and asymmetric (bulk cylinder-and sphere-forming) [8] [9] [10] [11] poly(styrene-b-butadiene) (PS-b-PB) DBCPs confined in cylindrical nanopores in alumina membranes. For the lamellaforming symmetric PS-b-PB, a set of curved, cylindrical lamellae parallel to the pore axis (called "concentric lamellae", CL) were observed when the pore diameter D is much larger than the bulk equilibrium period L 0 . Moreover, a novel stacked disk or toroid 4 morphology is observed when D is comparable to L 0 , and D/L 0 is not an integer [7, 10] .
For the cylinder-forming asymmetric PS-b-PB, cylinders oriented parallel to the pore axis are obtained within large pores (D/L 0 >4.1). When the pore diameter is reduced to a size comparable to the bulk period (D/L 0 =0.92~2.2), a rich variety of morphologies, not seen in the bulk, were observed that included stacked torus-like morphologies and single-, double-, and triple-helical morphologies [10, 11] . Similarly, for the sphere-forming PS-b-PB, one observes that large pores (D/L 0 > 3.2) lead to spherical PB domains aligned along the pore axis, whereas in pores with smaller diameters (D/L 0 < 3.2), core-shell cylindrical morphologies, single columns of spherical microdomains, and spirals of doubly and triply paired spherical microdomains are observed [9, 10] . Helical and stacked toroidal structures have also been observed by Wang and coworkers in the study of asymmetric poly(styrene-b-2-vinylpyridine) DBCPs confined in anodic aluminum oxide nanopores [12] . Concentric lamellar (CL) structures have been observed by Sun and coworkers in the study of symmetric poly(styrene-b-methyl methacrylate) DBCPs confined in alumina nanopores [13] . Similarly, Kalra et al. [14] and Ma et al. [15] observed the formation of the CL morphology in electrospun block copolymer nanofibers.
Ma and coworkers also observed spheres arranged in concentric cylindrical shells in sphere-forming copolymers [15] .
Complementary to these experimental investigations, the cylindrically confined DBCPs have also been extensively studied using theory and simulations. He et al. [16] and Sevink et al. [17] studied the self-assembled morphologies of symmetric DBCPs confined in cylindrical pores using Monte Carlo and dynamical density functional simulations, respectively. They observed concentric lamellae for cylindrical pores with an 5 inner surface that strongly prefers one component of the DBCP over the other [16] and lamellae perpendicular to the pore axis (perpendicular lamellae, or stacked disks) for cylindrical pores with neutral surfaces [17] . Recently, Li et al. performed real-space selfconsistent field theoretic (SCFT) calculations in two dimensions and constructed a phase diagram for DBCP melts confined in a circular geometry [18] . The SCFT results of Li et al lead to the prediction of a number of interesting structures, including non-hexagonally packed cylinders and structures that are intermediate between lamellae and cylinders.
These studies provide an understanding of the DBCP phase behavior under cylindrical confinement [18] . However, some of the structures observed in experiments, such as perpendicular lamellae, helices and stacked toroids, are not invariant in the third dimension (i.e. along the pore axis) and cannot be obtained by calculations in only twodimensions. Therefore, it is necessary to explore the phase diagram in three-dimensional space. In the last few years, many novel structures, such as porous lamella (mesh) structures, lamellae parallel to the pore axis (parallel lamellae), and helices, were predicted using computer simulations for lamella-forming DBCPs confined in nanopores [19] [20] [21] [22] [23] [24] [25] . For cylinder-forming DBCPs, it has been shown by simulations [23] [24] [25] [26] and SCFT calculations [27, 28] that novel structures such as helices and stacked toroids spontaneously form inside the cylindrical pore. On the other hand, various concentric perforated lamellae-related structures were also predicted by simulations [25] and SCFT calculations [28] for cylinder-forming DBCPs having compositions located near the cylinder-gyroid phase boundary. It can be concluded that confinement within a cylindrical geometry can lead to the formation of very rich diversity of structures.
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The formation of complex structures due to confinement can be understood in general by considering a few key factors, the most important being symmetry matching between the confining geometry and the preferred bulk morphology of the block copolymer, and surface interaction between the confining material and the block copolymer components [29] . For example, in the case of lamellae-forming DBCP confined in a cylindrical pore, the confinement is two-dimensional and possesses a uniaxial symmetry, while the lamellar bulk phase is periodic in one dimension. When the confining surface is neutral, an obvious solution for the confinement of lamellae in a cylindrical pore is to align the dimension of periodicity of the lamellar morphology along the axis of the cylinder, so that the point group symmetry of the lamellae in this orientation is consistent with the point group of the cylinder. However, when the confining surface has a strong preference for one of the blocks, the copolymer may be forced to accommodate to the geometry of the confining space, leading to frustrations of the bulk structure, and thus the formation of defects. In many cases defects such as dislocations and disclinations are introduced to minimize the frustration of the preferred bulk packing. One example is found in a myelin figure, which is a lamellar phase curved into a concentric set of shells with a +1 disclination defect at the central axis. In this case the concentric arrangement of the lamellae represents the best way to release the packing frustration. To accommodate variations in confinement diameter, Ma et al. have reported observation of a radial edge dislocation loop, which occurs when the number of layers in a myelin figure increase or decrease by 1/2 [30] .
Placing gyroid-forming block copolymers in cylindrical geometry becomes a 7 significantly more complicated problem because of the unavoidable mismatch between the cubic symmetry of the bulk morphology, with continuity in both domains, and the uniaxial symmetry of the confinement geometry. The basic shape of the gyroid is a 3-fold junction of 3 arms, in which each arm connects to another set of 3 arms that are each themselves rotated by 71 degrees with respect to the plane of the first set of arms, resulting in a 3D network that has helical twist along <111> and <100> directions [31] .
Moreover in the double gyroid morphology (DG), there exists a second 3D domain network that is twisting in the opposite sense along the <111> and <100> directions. This bicontinuous structure has many potential technological applications such as precursors for nanoporous materials [32] [33] . Confining a gyroid-forming block copolymer inside a cylinder is likely to be very costly in terms of free energy, promoting the transformation to a nearby morphology, such as lamellae or cylinders, or even to an entirely new packing scheme whereby the gyroid network can accommodate its complex set of interface shapes and dimensions between domains inside the cylinder. One possibility to resolve the symmetry mismatch is to look for a continuous path in the DG structure, and direct it along the axis of the cylinder, while at the same time the bicontinuous network must terminate in the directions normal to the cylinder axis, maintaining overall composition, curvature and distances between block interfaces. This represents a difficult geometry problem and an example of extreme makeover of morphologies. In order to gain insight into the understanding of this challenging problem, experimental and simulation studies of gyroid-forming block copolymers confined in cylindrical geometries, either nanopores or nanofibers, are carried out, and the results are reported in this paper.
Simulation Details
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The simulations are based on a simulated annealing method [34] applied to a ""single-site bond fluctuation"" model of polymers [35] [36] . Simulated annealing method is a well-known procedure for obtaining the lowest-energy "ground states" in disordered systems [37] [38] . To use the method, four factors need to be specified: an initial configuration, a set of trial moves with sufficient power to enable all relevant states to be generated, an energy function, and a schedule for decreasing the temperature. In the present study, these factors are specified in the following paragraphs. Starting from the specified initial configuration, the simulations are carried out by executing a series of Monte Carlo simulations with each at a different temperature and called a step. The temperature in the initial step is high enough to allow most of the trial moves to be accepted, and it is decreasing with the specified schedule in the following steps. The final configuration for a given step is subsequently taken as the starting point for the next step at a slightly lower temperature. At each step, enough trial moves are performed to allow the system to reach equilibrium at the corresponding temperature. Finally the ground state of the system is obtained. It has been established in previous studies that for the DBCPs A n -b-B N-n with N=12, gyroids are formed at n=4, whereas lamellae and hexagonally packed cylinders are formed at n =6, 5 and 3, 2, respectively [26] . ) [43] . The range of volume fraction for which stable gyroid structure occurs in our simulation is slightly wider than that predicted by SCFT [43] , possibly due to differences in the models used. Because the two types of DBCPs, In previous studies, it has been shown that having a good estimate of the bulk period L 0 for confined simulations is crucial [21, 45] . This is especially true for the gyroid structure because it can only occur for certain specific box sizes in our simulations.
Therefore simulations on bulk systems with various box sizes were performed first to obtain the characteristic period L 0 for the gyroid structures. In a previous study, we have reported that for the model DBCP system A 4 -b-B 8 , the bulk period of the gyroid phase is L 0 =24 (in lattice units) [46] . For the blend system with f A =0.3, our simulations predict that the bulk period of the gyroid phase is also L 0 =24. The final morphology of the gyroid phase formed by the DBCPs at f A =0.3 with one period is shown in Figure 1 (a) .
To verify the reliability of the resulting L 0 value, we performed simulations in a rectangular box with lengths of L X = L Y = 24, and L Z =48. We found that such a box can produce gyroid structure with two periods in the Z direction and one period in the other two directions. Therefore, we are confident that our results about the bulk period are not affected by the finite computational boxes. Furthermore, we have checked the simulated structures by calculating the structure factor based on the method proposed previously [47] . The calculated spherically averaged structure factor of the simulated structure is in good agreement with the experimental SAXS spectra of the gyroid structure [48] .
Therefore one can incontestably identify the simulated structure as that of the gyroid.
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Experimental Details
Electrospinning is a facile technique for forming continuous nanofibers, with diameters typically between 10 nm and 10 m, from polymer solutions or melts [49] . In our experimental studies, we use the recently developed co-axial two-fluid electrospinning technique [50] [51] [52] to direct the self-assembly of block copolymers under cylindrical confinement within nanofibers. In our variation of the method [15] , a solution of the block copolymer is processed as the core component and a solution of a second polymer with high glass transition temperature (T g ) is used as the shell material. The two fluids are then electrospun co-axially using two concentric spinnerets. Upon evaporation of the solvents, a continuous filament is obtained with the block copolymer in the core and the thermally stable polymer in the shell. Subsequent annealing of the fiber at a temperature higher than the uppermost T g of the block copolymer but lower than that of the shell material leads to self-assembly of the block copolymer under cylindrical confinement.
The samples used were poly(styrene-b-dimethylsiloxane) (PS-b-PDMS) DBCPs. [53] The first PS-b-PDMS DBCP (PS-b-PDMS-75) has a total molecular weight (Mw) of 75. The size and uniformity of the fibers was observed using SEM (JEOL-6060SEM from JEOL Ltd, Japan) after the fibers were sputter-coated with a 2-3 nm layer of gold (Desk II cold sputter/etch unit from Denton Vacuum LLC, NJ). Their internal morphologies were examined using TEM (JEOL JEM200 CX from JEOL Ltd, Japan).
The TEM samples were prepared as follows. The annealed fibers were first embedded in 15 epoxy resin (LR White-Medium Grade, Ladd Research) and cryo-microtomed into ~70
nm thick sections using a diamond knife (Diatome AG) on a microtome device (Leica EM UC6). The cutting temperature was set at -160 C, lower than the T g of both PS (105 C) and PDMS (-120 C) [54] , to minimize distortions of microdomains during the microtoming. The cross sections were then transferred to TEM grids for examination.
Since the electron density of the PDMS block is sufficiently high to provide the necessary contrast over the PS block, no staining was needed.
Results and Discussions
A. Predicted morphologies of the confined systems
The simulations of the confinement-induced structures were carried out using with f A =1/3, its phase behavior under cylindrical confinement is dominated by lamellae when the pore is large (D/L 0 >1), indicating that the system is more close to a lamellaforming one. However, there are differences in phase behavior between the gyroidforming system and the lamella-forming one. One difference is that parallel lamellae have never been observed in the lamella-forming system when confined in a neutral pore, 20 though they were observed for weakly preferential pores [20, 25] . Another difference is that the thickness of each A-rich layer is much thinner than that of the B-rich layer in the gyroid-forming system, whereas these thicknesses are almost the same in the lamellaforming DBCPs.
Case 2: Majority-selective pores ( = 1)
In this case, the wall of the confining pore is strongly attractive to the majority similar to that observed for symmetric DBCPs when confined in selective pores [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
One-ring lamellar morphology was also observed for bulk cylinder-forming DBCPs confined in selective pores in a relatively weak segregation region [28] . diameter of 17R g using SCFT calculation [18] .
The morphologies shown in Figure 3 can be compared with those obtained from the cylinder-or lamella-forming DBCPs under the cylindrical confinement [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . We notice that helices and stacked toroids, frequently observed in the cylinder-forming system inside majority-selective pores, never occur in the gyroid-forming systems. On the other hand, the concentric lamellae, frequently observed in the lamella-forming system, never occur for the gyroid-forming system with f A =0. occurs. The perpendicular perforated lamella structure is a compromise between stacked toroids and perpendicular lamellae, which may be due to the fact that the volume fraction of this gyroid-forming system is higher than that of cylinder-forming one but lower than that of the lamella-forming one. Each layer in the stacked perpendicular perforated lamellae is in the shape of the figure . The inner morphological sequence shown in Figure 4 (a) is quite different from that observed in Case 2 (Figure 3(a) ), and is also different from that obtained from cylinder-forming DBCPs located near the cylindersphere or cylinder-gyroid phase boundaries under the same confinement [25] [26] [27] [28] .
However, the inner morphologies of the structures with a straight cylinder and an outer one-ring helix or stacked toroids, shown in Figure 4 (a) at D/L 0 =1.75-1.92, are similar to the structures obtained when cylinder-forming DBCPs located near the cylinder-gyroid phase boundary are confined in majority block selective pores [25] .
For the morphologies shown in Figure 4 inner morphological sequence for a system confined in pores that are selective for the minority block is more similar to that obtained for a system with a slightly lower volume fraction than the same system confined in pores that are selective for the majority block [25, 40] . For example, some inner structures shown in Figure 4 shown by cross-sectional TEM images in Figure 5 (c). Figure 6 shows the microphase separated morphologies of the block copolymer core in the annealed fibers. Concentric lamellar structures similar to those formed by lamella-forming DBCPs [7] are observed.
This observation suggests that a fundamental phase transition, from gyroid to lamella, has occurred under the cylindrical confinement. This phase transition is probably induced by the preferred interfacial wetting at the core-shell interface. Compared with PDMS, PS has a lower Flory interaction parameter with PMAA ( PS/PMAA =0.14;  PDMS/PMAA =0.72 at 160 C) [54] and therefore preferentially segregates to the core/shell interface with PMAA.
This interfacial wetting of a PS layer on PMAA subsequently drives the formation of successive inner lamellar layers. A similar phase transformation was observed in thin (~ 400 nm) films of the same polymer (PS-b-PDMS-75) confined between two flat PMAA layers [55] .
Similar to lamella-forming block copolymers [30] , the number of domains in the CL phase of cylindrically confined PS-b-PDMS-75 varies with the cores diameter, as shown by Figure 6 . In some cases (e.g. Figure 6 (c-e)) the PDMS domains show a periodic variation of contrast, suggesting that the PDMS lamella may be perforated in these cases.
In bulk, the hexagonally perforated lamellar (HPL) phase appeared as metastable morphology intermediate between lamella and gyroids [5] .
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Besides the typical concentric lamellar morphology, other degenerated and novel morphologies were also observed for this PS-b-PDMS-75 copolymer annealed under identical thermodynamic condition (i.e. 160 C for 10 days under vacuum). 
Conclusion
The self-assembly of gyroid-forming DBCPs confined in cylindrical nanopores is investigated using a combination of simulations and experiments. With simulations, the effects of the pore-size and surface selectivity on the equilibrium phase behavior are 
